The two major subtypes of diffuse large B-cell lymphoma (DLBCL) (germinal centre B-cell -like (GCB-DLBCL) and activated B-cell -like (ABC-DLBCL)) are defined by means of gene expression profiling (GEP). Patients with GCB-DLBCL survive longer with the current standard regimen R-CHOP than patients with ABC-DLBCL. As GEP is not part of the current routine diagnostic work-up, efforts have been made to find a substitute than involves immunohistochemistry (IHC). Various algorithms achieved this with 80-90% accuracy. However, conflicting results on the appropriateness of IHC have been reported. Because it is likely that the molecular subtypes will play a role in future clinical practice, we assessed the determination of the molecular DLBCL subtypes by means of IHC at our University Hospital, and some aspects of this determination elsewhere in Switzerland. The most frequently used Hans algorithm includes three antibodies (against CD10, bcl-6 and MUM1). From records of the routine diagnostic work-up, we identified 51 of 172 (29.7%) newly diagnosed and treated DLBCL cases from 2005 until 2010 with an assigned DLBCL subtype. DLBCL subtype information was expanded by means of tissue microarray analysis. The outcome for patients with the GCB subtype was significantly better compared with those with the non-GC subtype, independent of the age-adjusted International Prognostic Index. We found a lack of standardisation in the subtype determination by means of IHC in Switzerland and significant problems of reproducibility. We conclude that the Hans algorithm performs well in our hands and that awareness of this important matter is increasing. However, outside clinical trials, vigorous efforts to standardise IHC determination are needed as DLBCL subtype-specific therapies emerge.
Introduction
Diffuse large B-cell lymphoma (DLBCL), the most common type of lymphoma in adults, accounts for 30-40% of new lymphoma diagnoses in the Western world. Its incidence is increasing among all age groups and both sexes [1] . It is a clinically, morphologically and genetically heterogeneous disease. A significant proportion (20-40%) of patients cannot be cured with current chemotherapeutic regimens [2] [3] [4] [5] [6] [7] .
Figure 1
Hans algorithm for the determination of molecular DLBCL subtypes [15] . It is based on the immunohistochemical analysis of three markers (CD10, MUM1, and bcl-6).
A considerable number of the features of lymphomas are thought to derive from their nontransformed progenitor cells. Each of the currently recognised forms of B-cell lymphoma has been associated with a distinct step in normal B-cell differentiation [8] , and this is useful for a general classification of the various lymphoma entities. In 2000, Alizadeh and coworkers [9] were able to classify 85% of DLBCL cases, by means of gene expression profiles (GEP), into two groups. The first group, germinal centre B-cell -like (GCB) DLBCL, originates from a germinal centre B-cell. The second group, possibly deriving from Bcells at a further stage of differentiation, has been termed activated B-cell -like (ABC) DLBCL. Most importantly, these molecular subtypes differ in their genetic alterations and possibly also in their clinical outcome [10] [11] [12] [13] . Later studies have identified a third and distinct subtype termed "primary mediastinal B-cell lymphoma" (PMBL) [14] . GEP is the gold standard for defining the molecular DLBCL subtypes, but is currently not applicable to the routine diagnostic work-up of lymphoma cases. Therefore, several groups have tried to develop a substitute involving immunohistochemistry (IHC). The most widely used algorithm was published by Hans et al. in 2004 [15] . Their IHC analysis is based on three antibodies (against CD10, Bcl-6 and MUM1) and classifies DLBCL into two subgroups, which they termed GCB and nongerminal centre (non-GC) DLBCL ( fig. 1 ), to distinguish them from the classification based on GEP. Compared with GEP, the positive predictive value of the "Hans classification" is 74% for the non-GC and 84% for the GCB subtype [15] . Recently published alternative algorithms with additional antibodies and/or more stringent scoring criteria improved the PPV for both subtypes to 93% [16] . Most importantly, compared with GEP, the IHC-based DLBCL classification detects reasonably well the distinct molecular alterations in the DLBCL subtypes [17] . Whether the molecular DLBCL subtypes have independent prognostic significance is currently controversial. The association is undisputed when the subgroups are determined using GEP [10, 12, 18] , but the reported data on IHC-based classifications are controversial [12, 15, [18] [19] [20] . Recent clinical data suggest that the inferior outcome of ABC-DLBCL with standard chemotherapy can be overcome by using the R-ACVBP regimen [7] . At present, determination of DLBCL subtypes by means of IHC is neither a routine diagnostic procedure, nor part of the current WHO classification, nor does it at this time influence the therapy of DLBCL patients. However, the distinct molecular features of the DLBCL subtypes imply the future possibility for therapies targeting particular subtypes. In fact, the "Schweizerische Arbeitsgruppe für Klinische Krebsforschung" (SAKK) is currently participating in an international clinical trial using this molecular information in the treatment of DLBCL. The DLBCL subtypes will be of indisputable relevance in the near future. We therefore aimed to a) critically examine the current assessment of the DLBCL subtypes using IHC (Hans classification [15] ) at our University Hospital, and b) investigate standardisation of this assessment in other major pathology institutions in Switzerland.
Materials and methods

Patient population
DLBCL patients were identified in early 2011 in the database of the Department of Medical Oncology of the University Hospital of Bern (Inselspital). We limited our search to the period after 2005, when staining for MUM1, one of the three markers used in the "Hans classification" of DLBCL subtypes [15] , was established at the Institute of Pathology of the University of Bern. The following cases were excluded: DLBCL known to have transformed from a low grade lymphoma; primary DLBCL of the central nervous system or primary mediastinal B-cell lymphomas (PMBL); and DLBCL arising during immunosuppression or in HIV-infected patients. As expected for a tertiary referral medical centre, the 172 de novo or bona fide DLBCL cases identified in this search were diagnosed in a total of nine different academic and nonacademic pathology institutions, and many patients received significant parts of their treatment outside our institution. Our retrospective, single-centre cohort included the DLBCL cases (109/172, 63.4%) for whom the routine diagnostic work-up was performed at the Institute of Pathology of the University of Bern. Clinical and immunohistochemical (CD10, bcl-6, MUM1) data were taken from the medical records. Full information on the classification of the DLBCL in accordance with the Hans algorithm (i.e., data on all three immunohistochemical markers, fig. 1 ) was available in 51 (46.8%) of these 109 cases. The DLBCL subtype in accordance with the Hans classification was also determined for our cohort using tissue microarray (TMA, see below). Clinical information on the 109 DLBCL patients is provided in table 1. All patients gave written consent to this retrospective analysis, based on a patient information leaflet approved by the local ethics committee.
Immunohistochemistry
The initial assessment of positivity/negativity of the three immunohistochemical markers in the diagnostic pathology reports was vague for 12 patients (e.g., terms like "questionably positive", "weakly positive" were used). These cases were reviewed and scored again by E.G. using the published cut-off of 30% [15] . A TMA was constructed using tissue samples from the 109 DLBCL patients, in accordance with standard procedures, and analysed using IHC in order to determine the molecular subtype following the "Hans" algorithm and using the same cut-off score as for whole-tissue sections. The three antigens were detected with the following primary antibodies: bcl-6 (clone GI191E/A8, dilution 1:400, Cell Marque, Rocklin CA; USA), CD10 (56C6; 1:50, Novocastra, Newcastle-upon-Tyne, UK), and MUM1 (MUM1p; 1:100, Dako, Glostrup, Denmark). Prior to incubation with the primary antibody, 2-3 μm paraffin-embedded sections were dewaxed, rehydrated, and pretreated by boiling in 10 mM Tris -1 mM EDTA, pH 9.0, in a microwave oven. Slides were then incubated for 5 minutes in 3% hydrogen peroxide (H 2 O 2 ) with 0.1% sodium azide (NaN 3 ) to block endogenous peroxidase activity. Sections were then (and after all subsequent steps) washed in Trisbuffered saline (TBS) and incubated with the primary anti-body diluted in TBS with 0.5 % casein and 5% normal goat serum, for 60 minutes at room temperature. In the negative controls, an irrelevant primary antibody was used. Next, a horseradish peroxidase-based polymer visualisation system was applied (Envision+; Dako), developed in 0.02% 3,3'-diaminobenzidine (Sigma, St. Louis MO, USA) with 0.01% H 2 O 2 , counterstained with haematoxylin, and mounted.
Statistical analysis and survival
The clinical information (date of initial diagnosis and date of death or last contact to calculate overall survival, and the age-adjusted International Prognostic Index (aaIPI) score) was retrieved from medical records and/or by contacting the colleagues performing the follow-up assessments. Curves depicting overall survival were plotted using the Kaplan-Meier method, and survival analysis was performed using the log-rank test or Wilcoxon test. Cox proportional hazard regression was used to analyse the effect of various risk factors on survival. Results were considered significant if the p-value was below 0.05. Statistical analyses were performed using GraphPad Prism 5 and Statview 5.0.1.
Results
Figure 2
Increased availability over time of molecular DLBCL subtype information in accordance with to the Hans algorithm from routine diagnostics at the Inselspital Bern.
Figure 3
Survival of patients with DLBCL subtypes (determined using research techiques) treated with standard R-CHOP (GCB-DLBCL, n = 44, non-GC-DLBCL, n = 31, Wilcoxon test).
The search in the database of the Department of Medical Oncology of the Inselspital revealed 172 newly diagnosed, bona fide, de novo DLBCL cases between 2005 and 2010. Forty-four percent of the patients in this retrospective cohort were male and 56% female. The age at diagnosis ranged from 17 to 96 years (median 68 years). The preponderance of female patients in our cohort is different from the reported distribution [21] , but was not further investigated.
Immunohistochemical determination of the molecular DLBCL subtypes
Diagnostic setting / routine work-up Of the bona fide 172 DLBCL patients, 109 had a pathological diagnostic work-up at the Institute of Pathology of the University of Bern and were thus included in our analysis. Staining for MUM1, the last immunohistochemical marker of the "Hans" algorithm to be established in Bern, was missing for 68 patients, 13 of whom also lacked information on CD10 and/or bcl-6. Given the current lack of clinical consequence, retroactive staining of these missing immunohistochemical markers was not done. We could assign 51/109 (46.8%) of the DLBCL cases a molecular subtype. This low number is not surprising because the three immunohistochemical markers were not systematically used in the routine diagnostic work-up of DLBCL. However, with increasing awareness among clinical pathologists at our institution, full information needed to assign the DLBCL subtype became increasingly available between 2005 and 2010 ( fig. 2 ). Only three of the 172 DLBCL patients treated at the Department of Medical Oncology of the Inselspital in the period considered here, but with a diagnostic work-up outside of our Institute of Pathology of the University, had a complete "Hans" IHC data set. This negligible number clearly justifies our inclusion criteria that were a priori defined for practical reasons. 26/51 (51%) of the patients were assigned the GCB-subtype and 25/51 (49%) to the non GC-subtype of DLBCL (table 1). 11 cases (11/51, 21.6%) stained positive for both CD10 and MUM1. This marker constellation is not included in the "Hans classification" ( fig. 1 ). We assigned these DLBCL cases to the GCB-subgroup after contacting the corresponding author of the original publication [15] . CD10 is considered an essential marker of GC differentiation [15,
Figure 4
Survival of the DLBCL cohort by aaIPI score (low risk = aaIPI 0, intermediate risk = aaIPI 1 and 2, and high risk = aaIPI 3, p <0.0001 by log rank test).
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Swiss Med Wkly. 2013;143:w13748 22]. Notably, we found 3 (11.5%) of the 26 GCB-DLBCL cases to be CD10 negative. [4] [5] [6] . Because of the inconsistencies between the results of the routine diagnostic tests and the research technique outlined above, we also confined the survival analysis to the cases with an unequivocal subtype determination on the TMA (table 1) . Overall survival of the patients with the GCB subtype of DLBCL was statistically longer than for the non-GC group ( fig. 3 ). The subset of 43 uniformly treated patients with information obtained only within the diagnostic setting also showed a better survival of the GCB-subtype, however, this difference was not statistically significant (data not shown), most likely because of the small sample size. The aaIPI score clearly influenced the outcome in the uniformly treated patients of our retrospective cohort ( fig. 4) . In a multivariate analysis, the molecular subtype (from the TMA) turned out to be an independent prognostic factor for the overall survival in the uniformly treated patients (p = 0.04). This analysis also included the aaIPI score (0-1 versus 2-3) and the sex (data not shown).
Swiss Med Wkly. 2013;143:w13748 57 Non-GC 77 IA 1 0 3 x R-CHOP-14, IF 30 Gy 32 Yes √ 58 Non-GC 76 IVB 4 3 6 x R-CHOP-21 + 2 x R; 3 x ESAP
Research setting
Further technical aspects of the molecular DLBCL subtypes determination by immunohistochemistry
To assess the current DLBCL subtype determination in Switzerland, we contacted six academic and other major pathology departments (Pathology Departments of the Universities of Basel and Zurich, Pathology Departments of Aarau, Chur, Lucerne and Bellinzona). We asked them to provide us with their IHC protocols for the three parameters in the "Hans classification" [15] . As shown in table 2, there was no concordance between the departments and, most importantly, with the published method [15] . Whereas most of the departments did not use predefined cut-offs for the definition of a positive result, one department applied cut-off scores calculated using analysis based on a receiver operating characteristic (ROC) curve [23] . We concluded that, compared to the original publication [15] , there is no technical standard to define the DLBCL subtypes according to the Hans algorithm in Switzerland. This has to be taken into account when DLBCL subtype-specific treatment options emerge, and demonstrates the need for a central assessment in the context of possible future clinical protocols.
Discussion
In the literature, there are conflicting reports on the use of IHC to determine the molecular subtypes of DLBCL [12, 15, [18] [19] [20] . We aimed to examine critically the current assessment of the DLBCL subtypes using IHC in a cohort of 109 patients. We also wanted to raise awareness of this technique, which we think will be important beyond a "simple" diagnosis of this lymphoma, perhaps becoming a default procedure to be used in addition to the current WHO classification. We here report on our single-centre experience with this assessment, which gradually became available after 2005 (when immunohistochemical staining for MUM1 was established in Bern). We used the "Hans" algorithm [15] , the first and most widely used of its kind. In summary, we could assign 58% of the DLBCLs to the GCB and 42% to the non-GC subtype, a distribution comparable to previously published data. In addition, after uniform treatment with the first-line standard, R-CHOP, patients with GCB-DLBCL were found to have a significantly longer survival than cases of the non-GC subtype. The study cohort included a relatively small number of patients, given the high number of cases with missing information on the molecular subtype (overall 76 of the 172 DLBCL patients (44.2%), 13/109 (11.9%) when combining the information from the diagnostic and the research setting, or 68/109 (62.4%) in the diagnostic setting). Furthermore, follow-up was limited to 35 months, and patients from a tertiary referral centre like ours may not be fully representative of the general patient population in Switzerland. Therefore, we acknowledge the limitations of our findings for a comprehensive comparison with published data. In addition, we do not have GEP data to assess the appropriateness of our assignments to the DLBCL subtypes using IHC. There is an an increasing body of evidence that DLBCL subtypes might be clinically and therapeutically relevant [7, 24, 25] , and so having information on the molecular DLBCL subtype at hand ( fig. 2) shows a welcome awareness of this potentially important biological feature. We also report a disturbing lack of standardisation in DLBCL subtype determination by means of IHC in Switzerland. Furthermore, we saw inconsistent assignments of the DLBCL subtype between the routine diagnostic and research techniques in 8/39 (20.5%) patients
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Swiss Med Wkly. 2013;143:w13748 (table 1) . In the absence of GEP data, we cannot determine the correctness of these assignments. Given the possible implication of these results, we think that the controversial issue of DLBCL subtypes, not fully covered in the review recently published in this journal [26] , cannot be ignored. Firstly, the detected flaws included the antibodies, the antigen retrieval, and the cut-off scores. The latter ranged from no predefined scores, a uniform use of 30% as published by Hans et al. [15] to a rarely used but rational determination using a receiver operating characteristic (ROC) curve [23] . Although the technical shortcomings of IHC are known [27] , this unappreciated issue might at least partially explain the reported conflicting results. Ideally, in parallel with an improvement of IHC algorithms, we would also attempt standardisation that may ensure the reliable and reproducible determination of DLBCL subtypes using an accepted algorithm. For practical reasons, these attempts should focus on the diagnostic, case-centred approach, rather than on high-throughput research techniques (such as IHC on TMAs) currently not suitable for individual DLBCL patients. This should be attempted through vigorous interlaboratory tests and comparisons, which are offered in Europe through, for example, the United Kingdom National External Quality Assessment Service (UK-NEQAS), the Swiss Society of Pathology (SGP) or the German Society of Pathology (DGP), and through a proactive and close collaboration between pathologists and clinicians. The controversial results presented here and in the literature might also be due to the retrospective nature of the IHC studies performed in the research setting on a heterogeneous set of patients, as opposed to prospective trials. In addition, an agreement is needed on how to handle cases that cannot be GEP-classified as GCB-or ABC-DLBCL.
This hampers current IHC algorithms, including the Hans classification, as they include this heterogeneous group in the non-GC subtype [28] . Secondly, we spotted a disturbing misconception about the possible relevance of the DLBCL subtypes. The Hans algorithm was created as a surrogate for the molecular DLBCL subtypes determined using GEP and not primarily as another prognostic marker. Recent research has revealed a variety of DLBCL subtype-specific molecular alterations [17, [29] [30] [31] [32] [33] [34] [35] associated with different responses to chemotherapy [24, 25] . The NF-κB-pathway that is constitutively active in ABC-DLBCL and essential for the survival of this subtype [36] is one obvious subtype-specific therapeutic target. However, prospective trials testing this hypothesis have only recently been started. We think that a robust determination of the DLBCL subtypes has the potential to establish a predictive marker, one of the very few so far known in lymphoma. In the best-case scenario and analogous to, for example, HER2/neu positive breast cancer or the BRAFV600E mutation in melanoma, the prognostic significance then becomes a secondary issue and is moreover affected by variables unrelated to the accuracy of classification.
Only when all of these caveats are appropriately addressed we will be able to conduct prospective large clinical trials and ultimately to provide improved and possibly DLBCLsubtype specific therapies to our patients.
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